In the Sahel, there are few long-term data series available to estimate the climatic and anthropic impacts on runoff in small catchments. Since 1950, land clearing has enhanced runoff. The question is whether and by how much this anthropic effect offsets the current drought. To answer this question, a physically-based distributed hydrological model was used to simulate runoff in a small Sahelian catchment in Niger, from the 1950-1998 rain series. The simulation was carried out for 3 soil surface states of the catchment (1950, 1975 and 1992).
INTRODUCTION
Current studies on climate variability emphasize the consequences of change for the environment. In tropical regions, drainage is particularly sensitive to any climatic changes. In sub-Saharan Africa, the occurrence of drought from the seventies on has resulted in a decline in the flow rate of the largest rivers. For a 20% decrease in rainfall in comparison with the previous period (Nicholson et al., 2000) , the average annual discharge of the largest rivers in the region (Niger, Senegal) fell by 40% . Less dramatic rain shortage in recent years did not cause runoff to approach former averages (Bricquet et al., 1997; Mahé et al., 2000) . Although the above-mentioned rivers have parts of their course in semi-arid, Sahelian countries, their contributing areas are located further south under much wetter, Guinean climate. Declining river flows have been reported for many humid watersheds in Western and Central Africa .
Due to distinctive features of the Sahelian environment (sandy soils, aeolian sand deposits, gentle slope, high evaporation and small annual number of rainfall events, which induce drainage network degradation and widespread endoreism), runoff generally accumulates to ponds (Desconnets et al., 1997) or infiltrates along the drainage network: there are few significant Sahelian rivers and, consequently, very little long-term record of Sahelian runoff. In a study of the specifically Sahelian tributaries of the Niger River in Burkina Faso, Mahé et al. (2003) report an increase in discharge over the last 40 years, contrasting with the observed rainfall reduction. In the major part of the Sahel, runoff occurs only at a local scale within small catchments, none of which has been monitored continuously over as long a period. Sites where observations were made both in the wet 1950's and during the later drought years are extremely rare. From aerial photograph comparison and village inquiries in the area of the Hapex-Sahel experiment (Goutorbe et al., 1994) in south-western Niger, Favreau (2000) gathered qualitative evidence of increased runoff over the last half-century that includes significantly more abundant runoff-fed pool water (larger pond number and volumes), and increased gullying (see also Favreau et al., 2002b) . In two catchments in Burkina Faso under Sudanese climate (700-950 mm of annual rainfall), Albergel (1987) , using a hydrological model, showed that the present decrease in rainfall seems to be widely compensated for by runoff caused by environmental changes. These environmental changes consist mainly of the extension of cultivated land required by a dramatic population increase: in the Sahel, a steady growth rate of 3% a year causes the population to double every 20 years since the Second World War (Le Houérou, 1993) . Under the influence of this demographic pressure, natural areas have been cleared and cultivated; and since this land has less vegetation, it is then more prone to erosion by wind and water (Bajracharya and Lal, 1999) . Subsequently, when all the arable land has been exploited, a decrease in the duration of fallow is observed (Loireau, 1998) .
All these factors contribute to degradation of the environment resulting in crusting of the soil surface (Valentin, 1994 ) that enhances surface runoff. Unlike more humid watersheds where the climatic factor appears to dominate the hydrologic response, Sahelian runoff seems to be more dependent on land surface conditions whose effects mask the rainfall decline. This contrast may be explained by differences in hydrological processes between the two regions, i.e. mainly infiltration and subsurface/"contributing-area" processes in wetter areas, versus surface runoff and Hortonian processes in the Sahelian zone. Pouyaud (1987) suggested that groundwater drying-up is responsible for the lasting discharge decrease in humid catchments.
In Sahelian areas, the water table is generally too deep below the land surface to affect surface water.
In fact, in the Hapex-Sahel area, the Continental Terminal groundwater has been undergoing a continuous, regional rise for over 40 years, as described by Leduc et al. (1997 Leduc et al. ( , 2001 ). The authors attribute this to the anthropogenic increase in surface runoff that accumulates into a large number of endoreic ponds where it can infiltrate to the water table.
They rule out (Favreau et al., 2002b ) the hypothesis of diffuse groundwater recharge under millet fields (Gaze et al., 1998; Bromley et al., 2002) as a major mechanism. The aim of the present paper is to produce estimates for possible fluctuations of runoff to a typical pond in the area since the 1950's, and confront them with the observed groundwater rise. For lack of surface water data before 1992, a hydrological model (Cappelaere et al., 2003b; Peugeot et al., 2003 ) is used to explore by simulation the changes in runoff to the Wankama pilot pond in relation to climatic and environmental changes over the last 50 years. In the first part of the paper, catchment characteristics and modelling methodology based on available data are presented. Next, results of simulations are used to assess the respective influences of climate and environment modifications on surface water resources. Finally, the simulated changes in pond recharge are compared with the groundwater information for the period.
STUDY SITE AND HYDROLOGICAL FUNCTIONING
The region to the east of Niamey is occupied by the Miocene sandy-loamy sediments of the Continental Terminal covered locally with dunes from the late Quaternary. The landscape appears as an armoured laterite plateau cut by wide fossil valleys called locally Koris. The hydrographic network inherited from wetter conditions during the Quaternary no longer functions. During the rainy season (June -September), the lowest parts of valleys are occupied by a series of ponds that collect the runoff from the hillsides in a mosaic of disconnected endoreic catchments of only up to a few square-kilometers. Typically in this region, the depth to the water table varies from at least 15-30 m (below ponds) to well over 60 m; therefore surfaceand ground-waters show only a one-way connection, that is aquifer recharge. Runoff occurs as Hortonian overland flow. During the most intense rain events, ponds may overflow from one to the other. Hydrographic degradation characterized by interruption of concentrated drainage is the major feature of the hydrological functioning. This degradation is encountered in valleys blocked with sandy bolts but also on hill slopes between the plateau and the valley bottom. The plateau escarpment is relatively steep and thus favours runoff. The sheet flow is rapidly concentrated in 1-2 m deep gullies with sandy beds. However due to the decrease in the steepness of the slope of the hillsides, the gullies rapidly decrease in depth and split into multiple arms forming spreading zones where the majority of runoff is absorbed. After crossing these zones, the remainder of the flow is again concentrated in gullies thanks to flow contributions from the downhill part of the catchment. Finally, the flow ends in ponds located in the beds of former streams.
The Wankama catchment presents all the features of the above description and is representative of the area. It is located between a plateau at an altitude of 265 m and the valley of the so-called Dantiandou Kori at an altitude of 200 m. The surface area is 1.9 km 2 and the mean slope is 2%. In the middle of the hillside, the gully presently forms a spreading zone about 225 m in width and 400 m in length. Below the spreading zone, the gully flows into a pond in the bed of the Kori. Pond water levels and rainfall have been recorded since 1992 . Aerial photography was carried out in 1950, 1975 and 1992 for topographic purposes, providing us with ortho-photos of the catchment at these dates. Although a break in the gully is distinguishable in the photos taken in 1950 and 1975, it is difficult to quantify the extension of the spreading zone. Further details on the study site and on the area's hydrology can be found in Peugeot et al. (2003) .
LAND USE CHANGES DURING THE LAST FIFTY YEARS Casenave and Valentin (1992) (Valentin, 1986) or from remote sensing image analysis (Lamachère and Puech, 1996) . The infiltration rate estimates derived by Casenave and Valentin (1992) from the rainfall simulation experiments are consistent with direct measurements of saturated hydraulic conductivity, K s (Valentin, 1991; Peugeot et al., 1997; Vandervaere et al., 1997) . Based on Casenave and Valentin's table (infiltration -versus-surface feature class), a 20-m resolution K s map can be obtained for each of the three epochs considered here, by reclassifying the respective land surface maps according to Table 1 . The same can be done for the Manning roughness parameter (n), using estimates produced by Desconnets et al. (1996) for the surface feature classes encountered in the Niamey area (Table   1 ). More information on the hydraulic parameter values used for the Wankama catchment model can be found in Peugeot et al. (2003) .
The mean saturated hydraulic conductivity of the catchment is equal to 57, 45 and 37 X 10 Amato and Lebel, 1998; Lebel et al., 1997) . Runoff is thus Hortonian: overland flow occurs when the rainfall rate is greater than the K s of the surface layer. All simulations have been performed with the physically-based, two-dimensional, distributed model r.water.fea (Vieux and Gaur, 1994) , after it was upgraded and implemented by Cappelaere et al. (2003b) and Peugeot et al. (2003) for the Wankama catchment. The model runs in the GRASS GIS environment (USACE, 1993) over a raster grid. Maps of the watershed geometry (catchment and channel network layout, rasterized drainage directions) produced from a DEM (Digital Elevation Model) by GRASS's r.watershed function, define the discrete model structure. The production and routing functions are fully coupled, allowing simulation of runoff from and run-on to each cell of a raster grid within the catchment. The kinematic-wave, Manning and Green-Ampt equations are solved concurrently using finite-elements in space and an explicit finite-difference scheme in time (Vieux, 2001; Séguis et al., 2002) . Model parameters (saturated conductivity, capillary pressure head at the wetting front, Manning coefficient) as well as land slope are handled as GRASS raster maps. Although r.water.fea can be run with distributed rainfall maps, only spatially uniform rainfall is considered here. The model is operated on an event basis: an initial soil moisture map is input to the model, which, for the purposes of the present simulation, is considered to be uniform over the whole catchment, as explained below. The initial soil moisture is deduced from an Antecedent Precipitation Index calibrated on observed soil values monitored during two years . A uniform value of 20 cm is taken for the capillary pressure head at the wetting front H f . et al. (2003b) . Cappelaere et al. (2003a) showed that the resulting uncertainty is quite small for seasonal pond recharge prediction: it is in the order of 10% for annual predictions and 3% for interannual mean over the 1992-2000 period.
It is assumed that, thanks to this parameterisation scheme and limited-calibration approach Wankama. We therefore used data from the closest long-duration station, at Niamey Airport (60 km to the west). Over the long term, the Niamey airport series is statistically representative of rainfall in Wankama . Mean annual rainfall decreased from 646 mm before 1969 to 493 mm since then, i.e. a decline of about 24% (Figure 2 ). This marked decrease and the date of the break are comparable to those observed at other Sahelian sites (d 'Amato and Lebel, 1998; Hulme, 1992) . We distinguish a wet period (1950) (1951) (1952) (1953) (1954) (1955) (1956) (1957) (1958) (1959) (1960) (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) ) and a dry period ).
All daily rainfall depths are available but there are gaps in the records of instantaneous rainfall intensities. To fill these gaps and obtain a complete series, we proceeded in the following way: (i) based on their total precipitation depth, observed hyetographs were pooled into 5-mm wide depth classes; (ii) for a rainfall day with no available hyetograph, a hyetograph was randomly selected from the class with the same rainfall depth.
A stationarity study of the Niamey rainstorm characteristics over 1956-1998 showed significant changes in the structure of the hyetographs especially for the events between 20 and 35 mm, before and after 1969 (Lubès-Niel et al., 2001) . The missing hyetographs for a given period were randomly selected from among the available hyetographs in the same period and rain-depth class. Before 1956, the precision and reliability of the rain gauge was insufficient to calculate intensity at a 5-minute time step. Consequently, from 1950 until 1955, the entire hyetograph series was generated. After 1990 there are no more gaps thanks to the installation of a pluviograph with an electronic clock and magnetic storage.
The reconstituted pluviographic series from 1950 until 1998 contains 2909 events, of which 38% were generated. The lowest rainfall depths (less than 10 mm) represent the majority (71%) of the generated events. Using five generated series, we verified that the average coefficient of variation of annual rainfall is low (0.8%). In a preliminary simulation, we also verified that annual runoff is relatively insensitive to the stochastic character of the hyetogram series. The whole study is thus made with one series selected from the five.
In addition to the optimal (K, C, M) triplet, we retained 23 other triplets that can correctly reproduce 75% of rainfall-runoff events of the calibration period (1992-1998) (Cappelaere et al., 2003b) . Due to the difficulty in interpreting the extent of the spreading zone using the photos taken in 1950 and 1975, simulations were performed either using the dimensions of the existing spreading zone (400m-long by 225m-wide) or neglecting it, i.e. with a width equal to that of the rest of the channel (2m). A total of 144 simulations were performed (24 parameter sets by 3 surface feature maps by 2 spreading zone widths), over the entire 1950-1998 rain series.
RESULTS
In this section we will first analyse the influence on annual runoff of environmental changes (land use and spreading zone width). Next the influence of climatic changes, i.e., wet period (1950) (1951) (1952) (1953) (1954) (1955) (1956) (1957) (1958) (1959) (1960) (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) versus dry period , will be discussed. Finally the consequences for runoff of coupled modifications will be evaluated. Figure 3 shows simulated annual runoff versus annual rainfall for each of the three surface feature maps (1950, 1975 and 1992) through the 49 rain years, successively for the two spreading zone widths. To runoff obtained with the optimal (K, C, M) triplet, we added the interval of variation of runoff calculated with the 23 other (K, C, M) sets.
Environmental change
As we anticipated at the end of the land use section, irrespective of annual rainfall, the runoff calculated with the optimal parameter set increases when changing the landscape from the 1950 state to the 1992 state. By analysing the intervals of runoff variation, it will be noted that whatever the (K, C, M) triplet, runoff produced with the 1950 surface feature map is systematically lower than that produced with the 1992 surface feature map. and natural vegetation remains prominent (60%), this doubling is probably due to the increase in eroded surfaces (from 7 to 21%) mostly in the lower part of the catchment.
Increasing the spreading zone width alone lowers annual runoff by only 18 to 24%: runoff variations connected to a modification in the spreading zone appear to be of second order in comparison with those due to changes in land use.
Climatic change
For every land surface state, we calculated and compared the average runoff over the wet (1950-1969) and dry (1970-1998) periods. The decrease in rainfall (23%) between the two periods is amplified by the watershed: the runoff decrease ranges from 37 to 40% (Table 3), i.e., it is nearly independent of land use and of spreading zone width. Figure 4 shows the contributions of each of the nine rainfall depth classes to the total deficits (wet to dry period) in rain (observed) and in runoff (simulated, with 1992 land use and a 225-m spreading zone width). Rainstorms with less than 20 mm depth represent a third of the rainfall deficit but only 3% of the runoff deficit. Runoff deficit is essentially due to heavy rainstorms: rainstorms of more than 30 mm (55% of the rainfall deficit) generate 84% of the runoff deficit.
Combined climatic and environmental modifications
Climatic and environmental changes having been dealt with separately, we now present the impact on runoff of combined changes. 1950-1975 and 1975-1992) shows that, no matter which spreading zone hypothesis, runoff increase is higher in the second phase where only environment change occurs.
DISCUSSION AND CONCLUSION
The proposed objective was to explore by simulation the respective impacts on runoff of the climatic and environmental changes that have occurred over the last 50 years in a small Sahelian catchment. The interpretation of available photos (taken in 1950, 1975 and 1992) and the transcription of the soil surface features into hydraulic parameters by Casenave and Valentin's method (1992) enabled hydrological characterization to be carried out.
As expected in this area, past land use changes alone were found to greatly increase runoff. Lørup et al. (1998) pointed out that significant rural population densification does not systematically entail increased surface runoff everywhere in semi-arid Africa: working in Zimbabwe on six larger catchments with 620-800 mm annual rainfall, they found a tendency for a slight decrease in annual runoff (noise due to climate variability having been removed). In this case, land use modifications essentially consisted in crop substitution (from finger millet to more water demanding maize and sunflower, with moderate farmed surface expansion) and associated changes in cultivation practices that improve infiltration in comparison with former cropped, grazed, or natural surfaces. Also, runoff generation mechanisms may be different from the Sahel, soil moisture status seeming more important than vegetation cover for runoff production. In our study area, where runoff occurs only at a much smaller scale and is mainly controlled by land surface conditions, replacement of natural savanna by extensive, low-density, hand-hoed millet cultivation enhances overland runoff production (Casenave and Valentin, 1992 ) through reduced surface permeability and roughness. This also appears to be the case for the larger Sahelian catchments studied by Mahé et al. (2003) in Burkina Faso, where discharges were found to increase, despite reduced rainfall.
0ur hydrological simulations evidence the dominant effect of past environment changes over climate change on runoff in the Wankama catchment, in agreement with available signs of runoff increase in the area (Favreau, 2000; Favreau et al., 2002b; Leduc et al., 1997 Leduc et al., , 2001 ). If only environmental changes are considered, i.e., an increase in the crop-fallow system (from 6 to 56%) and in eroded zones (from 7% to 17%) at the expense of natural vegetation (from 85% down to 24%) as incurred over the last half century, then runoff is found to grow by 2.6 to 2.8 times depending on the drainage network considered, whereas the concomitant climatic respectively; unlike the Zimbabwean case cited above, cropping development in this region goes with a marked decrease in evaporative demand (e.g.: Bromley et al., 2002; Gash et al., 1997; Payne, 1999 , for evapotranspiration from millet fields).
Since increase in indirect groundwater recharge via ponds including or similar to the Wankama pond is considered by hydrogeologists as a main cause for the observed long-term water table rise in the area, it is interesting to compare our estimates for the variation over time of the Wankama pond recharge with those for aquifer recharge. Using isotopic analysis and hydrodynamic modelling of the aquifer on a 4000-km² zone including the Wankama catchment, Favreau et al. (2002a) estimated regional groundwater recharge to have increased by one order of magnitude over the last 50 years, from a 1-5 mm/year initial range to 20-50 mm/year now.
Hydrologic simulations performed in this paper do show an amplification of pond recharge over the period ( Figure 5 ) but by a factor less than 2.
A simplistic explanation for this discrepancy would be that the Wankama catchment is not characteristic with regard to environmental changes over the whole region on which the hydrogeological interpretation is based. However, this catchment presents one of the highest rates of crop development in the region. The increase in runoff in this catchment should thus be at least as high, if not higher, than in any other in the region. The water table underneath the Wankama pond shows seasonal and interannual variations that are typical of the area, with even larger than average amplitudes.
A more likely explanation could be a change in the infiltration process to the water table that has increased pond efficiency with respect to aquifer recharge. Today, pond water levels are higher than in the past: infiltration now affects the sandy edges of the pond that are less clogged by clay deposits than the center (Desconnets et al., 1997) . Also, most of the formerly abundant tree vegetation around the ponds has since been cleared, with a possibly large reduction in evaporative losses. Another probable factor is the following: as a consequence of enhanced surface runoff since 1950, new ponds have appeared in the landscape, resulting in an increased number of sites of preferential infiltration to groundwater. Neglecting runoff to ponds created since 1950 would lead to underestimating the groundwater recharge. Along the same idea, infiltration is perhaps not limited to ponds as Desconnets et al. (1996) or Leduc et al. (2001) suggested, but may also occur in spreading zones. Recent surveys confirm that growing spreading zones are a common feature of the landscape. New field measurements need to be carried out to evaluate deep infiltration under these zones.
Other causes of the discrepancy between the estimated change in groundwater recharge and our evaluation of relative runoff change are perhaps to be sought in the parameterisation of the hydrological model. We allocated to the 1950 savanna the same hydraulic conductivity as to the 1992 savanna. Infiltration might be underestimated for the natural environment at that time, when the natural mulch produced by the savanna and under which termites can proliferate was widespread. A recent study (Leonard and Rajot, 2001) shows that infiltration might be increased by a mean factor of 2-3 due to the effect of termites. New simulations should thus be performed with higher K s for the original savanna. Other uncertainties on former catchment states were pointed out in previous sections of this paper, however they should not have any major impact on the conclusions drawn here.
The work presented here is one step in a multi-scale, "multi-angle" study (including in particular, besides catchment runoff hydrology: hydrogeology and geochemistry, investigation of plant/energy and vadose processes, for hillslopes and surface water concentration areas, …), the objective of which is, by confronting the outputs from these various analyses, to narrow down the estimation ranges for the water balance components and for their variations over the last decades. Hence, a current project aims at modelling runoff through the recent data-rich period (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) over the same large zone as that considered in the groundwater study, in order to verify at a regional scale whether modelled runoff contributions to ponds and other accumulation areas are consistent with the water table rise observed over the past decade, i.e.
with estimates of current aquifer recharge. Table 3 . Mean annual runoff for each land cover (V 1950 , V 1975 and V 1992 ) and relative deficit from wet (1950-1969) to dry (1970-1998) 
